In this study, the hydrodynamic forces acting on the seabed around the pipeline in unidirectional ocean currents have been investigated numerically. Two types of seabed are considered, i.e., plane and distorted seabed. The influences of gap between pipeline and seabed on the distribution of forces along the seabed are studied in detail. Computational results show that the pressure at the upstream side of the pipeline gradually decreases and the pressure difference between two sides of the pipeline presents a declining trend with the increase of gap between pipeline and seabed. For the pressure distributions between the distorted seabed and the plane seabed, a double-peaks distribution is observed for the case of distorted seabed, but only one peak exists for the plane seabed. With the increase of gap between pipeline and seabed, the value of peak shear stress along the distorted seabed at the upstream side gradually decreases and the one at the downstream side varies slightly. When the gap ratio reaches 0.7, the peak shear stress at the upstream side of the pipeline already decreases to a normal level for the case of distorted seabed, while the peak shear stress at downstream side is still a large one for the distorted seabed.
INTRODUCTION
In ocean engineering, numerous types of structures have been installed on the seabed, such as offshore platform for exploitation of oil and gas, tension leg, piles and submarine pipelines, etc. Among these, the submarine pipeline is an important structure used widely in offshore oil and gas industry, ship industry, marine fisheries and so on. The submarine pipelines are usually placed in the ocean with several situations, and a horizontal installment is one of the most ordinary ways. After the pipeline is placed on the seabed, it is subject to ocean waves, periodic tides and unidirectional ocean currents. However, in the area of deep sea, the influences of ocean waves and tidal currents upon the pipeline can be ignored, and unidirectional ocean currents are the main hydrodynamic loading acting on pipelines and seabed. Under the action of unidirectional ocean currents and the disturbance due to the existence of the pipeline, the hydrodynamic forces acting on the seabed may be different from those without pipelines. In some circumstances, the forces acting on the sandy seabed may result in the occurrence of sand waves or instability of seabed (e.g. liquefaction) which can cause the buried pipeline to be exposed [1] , and the pressure acting on the sandy seabed may induce seepage flow within the sandy seabed. According to the results by Chiew [2] and Sumer et al. [3] , when the value of hydraulic gradient induced by the pressure exerting on the sandy seabed reaches up to the critical hydraulic gradient, the liquefaction of sandy soil will occur. Under certain conditions, the *Address correspondence to this author at the Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, P. R. China; E-mail: byang@imech.ac.cn suspension of pipelines with small value of embedment into the sandy seabed and the local scour of sandy seabed around the pipeline will also take place [4, 5] . Therefore, investigating hydrodynamic forces acting on the seabed will help engineers in design of pipeline to protect sandy seabed from being eroded by fluid, and will be also useful to understand the interactions between pipelines, seabed and ocean currents.
The interactions between cylinders, plane boundary and fluids have attracted wide interests from many researchers. The forces acting on the cylinder and the plane boundary are paid much attention. Taneda [6] made a qualitative observation of the flow around a circular cylinder near a plane boundary in a water tank with Reynolds number Re =170. Roshoko et al. [7] investigated the lift and drag coefficients of a circular cylinder near a plane boundary with the gap ratio (e 0 /D) from 0 to 6 (in which e 0 is the gap between the circular cylinder and the boundary, D is the diameter of the cylinder) and found that the drag coefficient (C d ) reaches to a minimum value of 0.8 when the cylinder is touching the boundary. Goktun [8] also found a minimum drag at e 0 /D=0. Bearman & Zdravkovich [9] studied the flow around a circular cylinder near a plane boundary, and the pressure distributions were measured around the cylinder and along the boundary for various gap ratios (e 0 /D) at a Reynolds number of 4.5 10 4 . Grass et al. [10] discussed the influence of bed proximity on wake vortices of free spanning pipelines. Taniguchi & Miyakoshi [11] studied the fluctuations of lift and drag of the cylinder close to a plane boundary and reported that the fluctuating fluid forces are strongly reduced at certain value of the gap. Buresti & Lanciotti [12] measured the mean and fluctuating forces acting on a circular cylinder near a plane surface in cross flow and found that the mean lift coefficient decreased rapidly by increasing the gap size, whereas the mean drag coefficient showed non-monotonic trends with e 0 /D. Lei et al. [13] experimentally investigated the forces of a smooth circular cylinder at Reynolds numbers from 1.30 10 4 to 1.45 10 4 and analyzed the effects of bed proximity upon the forces acting on the cylinder. On the other hand, the fluid forces acting on the boundaries without the existence of structures have also been studied by some researchers. For instance, the work about the investigation of wall shear stress was done by Hanratty & Campbell [14] and Haritonidis [15] . Sumer et al. [16] studied the wall shear stress by two-component hot-film probe. In addition, Cheng et al. [17] investigated the influence of external turbulence on bed shear stress.
In the aforementioned literature, most research focused on the hydrodynamic forces acting on the structures (e.g. the cylinder) or on the plane boundary (e.g. seabed) without the existence of structures, but few attentions have been paid to the fluid forces acting on the surface of the seabed around the pipeline. In fact, the characteristic of the forces (e.g. the shear stress and the pressure) acting on the surface of the seabed plays an important role about the stability of the seabed [18, 19] .
This study is aimed at investigating the characteristic of the hydrodynamic forces acting on the seabed around a pipeline. By solving the Navier-Stokes equations and the seepage flow equation, the flow field on the seabed and the seepage flow within sandy seabed will be obtained. Based on the proposed numerical model, the distributions of the pressure and the shear stress along the surface of the seabed will be discussed in detail.
NUMERICAL MODEL

Governing Equation
In this study, a two-dimensional problem is considered, as depicted in Fig. (1) . The incompressible Reynoldsaveraged Navier-Stokes equations are used to describe the movement of fluid on the seabed as follows: Fig. (1) . Sketch of model geometry. ß.
where u i is the mean velocity of fluid, According to the generalized Boussinesq vortex-viscosity hypothesis [20] , the unenclosed term in equation (2) ' ' i j u u can be expressed as 
where k G is related to the production of turbulent kinetic energy and
where ij is the mean rotation rate tensor and
e is the replacement tensor, l is the fluctuating vorticity, the term( e ijl l )is set as zero in this study; The model constants A 0 and A s are given by
The coefficient C 1 in Eq. (5) is defined as
The values of model constants are specified as
For porous seabed, the seepage flow exists within a sandy seabed. In this study, we consider the sandy soil to be homogeneous and isotropic, and the pore water is incompressible. For the case of two-dimensional plane-strain problem, the mathematic equation describing seepage flow can be written as:
) denotes the pressure water head and g is the gravitational acceleration.
Boundary Conditions
The typical sketch of the model geometry used in this study is depicted in Fig. (1) . 1 is the inflow boundary, where the Dirichlet-type boundary condition, i.e.
, and the turbulent viscosity ratio is prescribed, i.e. t / = 5 . As shown in the figure, 3 is the outflow boundary, where the diffusion flux in the direction normal to the exit is set to zero for all variables. 2 is defined as the symmetry boundary, namely, zero normal velocity and zero normal gradients of all variables are applied at this boundary. For the wall boundary 5 , which is the surface of the pipeline, the logarithmic law of the wall function is adopted, i.e.
U* = y * (y*<=11.2) (15) in which
where is von Karman constant and = 0.42 , E is the empirical constant and E = 9.79, u P is the mean velocity of the fluid at point P, k P is the turbulence kinetic energy at point P, y P is the distance from point P to the wall boundary. The boundary condition for k imposed at the wall boundary ( 5 ) is k n = 0 (17) in which n is the local coordinate normal to the solid boundary. The production of kinetic energy (G k ) and its dissipation rate ( ) at the wall boundary-adjacent cells are computed on the basis of the local equilibrium hypothesis. Under this assumption, the production of k and its dissipation rate are assumed to be equal in the wall boundary-adjacent control volume. The production of k is computed from
The is computed from
When the N-S equations, i.e. Eqs. (1) and (2), are solved, the surface of the seabed ( 4 ) is specified as the same type as the boundary 5 , i.e. the wall boundary. However, when the seepage flow equation (see Eq. (13)) is solved, 4 is a pressure water head boundary, where 1 ( ) h h x = is applied. 6 , 7 and 8 are set as impermeable boundary, i.e. h / n =0.
Numerical Method
The finite volume method is used to discretize the N-S equation. The SIMPLE algorithm [21] is adopted to deal with pressure-velocity coupling. The quadrilateral and triangular elements are used in flow model. To improve the precision of computation, the grids around the pipeline are refined. The size of grid is specified on the basis of the study of mesh dependence. 
Verification of Numerical Model
To verify the validation of the numerical model, the comparison is made upon the mean lift and drag forces acting on the pipe near the rigid boundary and the pressure along the boundary between the numerical and experimental results in this section. The experimental results reported by Buresti et al. [12] and Lei et al. [13] are used to verify the present model, as depicted in Fig. (2) . The lift force coefficient (C L ) and drag force coefficient (C D ) are defined respectively as: for the work by Lei et al. [13] ).
where F L is the lift force acting on the pipe, F D is the drag one, u is the inflow velocity, L is the length of the pipe. It is noted that the Reynolds number in their experiments mentioned above are within the subcritical regime. The differences between Cases 1 and 2 by Buresti et al. [12] are the different thickness of boundary layer. The thickness of case 1 is 0.1D at the cylinder axis position, while it is 1D for the case 2. The thickness of boundary layer is 0.14D for the results by Lei et al. [13] and 0.2D for this study.
It can be seen from The pressure coefficient ( C p ) is defined as: Fig. (3) . The comparison upon the mean pressure along the plane boundary between present model and experimental results (the experimental parameters in the work by Jensen [22] are: e 0 /D=0.37, Re=0.7 10 4 ; Re=4. 8 10 4 for the work by Bearman & Zdravkorich [9] ).
where p is the static pressure, p 0 is the reference pressure, which is set as 101325 Pa. It is indicated from the figure that the variation of mean pressure coefficient along the plane boundary agrees well with the experimental results by Bearman [9] and Jensen [22] .
RESULTS AND DISCUSSIONS
In this study, the model parameters are set as follows: the height of flow region is 30D, and the length is 60D. The distance between the center of the pipeline and the inflow boundary is 30D. Therefore, it is 30D from pipeline center to outflow exit. The depth of seabed is 30D. The mass density of fluid is set as 998 kg/m 3 , and the dynamic viscosity coefficient of the fluid is 0.001 8,Bearman(1978) in this study. Two types of seabed are considered, i.e. the plane seabed and the distorted seabed, as depicted in Fig. (4) . For the distorted seabed, the main emphasis is laid on the various arc-shaped deformation of seabed beneath the pipeline. Fig. (4) . The sketch of two types of seabed.
Characteristic of Flow Around the Pipeline and Seepage Flow within Sandy Bed
An example for the plane sandy seabed with a pipeline is taken in this section. Fig. (5) illustrates the typical distribution of flow velocity on the seabed with a pipeline and that of hydraulic gradient induced by the flow on the seabed at some time t 0 . It is noted that the gap between the pipeline and the seabed is zero in Fig. (5) . There exists an apparent wake flow region within which the magnitude of velocity is smaller than that outside the wake region, and the maximum velocity appears near the top surface of the pipeline, as can be seen in Fig. (5) . The value of hydraulic gradient close to the bottom of the pipeline is much larger than that far from the pipeline, which also indicates that the maximum hydraulic gradient occurs at the region near the pipeline. Fig. (5) . Distribution of velocities on the sandy seabed and seepage flow within a sandy seabed.
Pressure and Shear Stress Along the Seabed
The distribution of mean (time-averaged) pressure along the plane seabed with various gap-to-diameter ratios is illustrated in Fig. (6) . It can be seen from the figure that there is a jump of pressure between the upstream and downstream sides of the pipeline. With the increase of gap between pipeline and seabed the amplitude of the pressure at the upstream side of the pipeline gradually decreases. The pressure difference between two sides of the pipeline presents a declining trend with the increasing gap. Fig. (6) . The distribution of mean pressure along the surface of plane seabed. Fig. (7) gives the mean (time-averaged) pressure distribution along the distorted surface of seabed (arc-shaped). It is noted that the results for the case of e 0 /D=0 is also included in the figure for reference. It can be seen from the figure that there are some differences for the pressure distribution between the distorted seabed and the plane seabed. Two pressure peaks are observed for the case of distorted seabed, but only one exists for plane seabed. Within the distorted gap the pressure along the surface undergoes an ascending and descending process. Fig. (7) . The distribution of mean pressure along the surface of distorted seabed.
The distribution of mean (time-averaged) shear stress along the surface of plane seabed with seven gap ratios, i.e. e 0 /D=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.2, are shown in Fig. (8) , where the friction factor (C f ) in the figure is defined as in which b is the bed shear stress. It can be observed from the figure that when the pipeline contacts the surface of seabed, the shear stress within the range of x/D<0.5 along the surface of seabed is very small. And at the place of x =1.5D there exists a peak of shear stress. For the case of positive value of gap ratio (e.g. e 0 /D = 0.1, 0.3…), there is also a peak of shear stress, but it occurs beneath the bottom of the pipeline. Fig. (8) . The distribution of mean shear stress along the surface of plane seabed. Fig. (9) presents the distribution of mean (time-averaged) shear stress along the distorted seabed with several gap ratios. It is shown in the figure that there are two peaks of shear stress for the case of distorted seabed, which occur at the upstream and downstream sides of the pipeline. With the increase of gap between pipeline and seabed, the value of peak shear stress at the upstream side gradually decreases and that at the downstream side varies little. When the gap ratio reaches up to 0.7, the peak shear stress at the upstream side of the pipeline already decreases to a normal level, while the peak shear stress at downstream side is still a large one. It means that the place at downstream side of the pipeline will be scoured much intensively compared with that at upstream side. When the gap between pipeline and seabed is small (e.g. e 0 /D=0.1), the shear stress along the gap presents a big value. With the increasing gap ratio the place of maximum shear stress gradually moves to the downstream side of the pipeline. Fig. (9) . The distribution of mean shear stress along the surface of distorted seabed.
A comparison of pressure distribution along plane and distorted seabed was made, as shown in Fig. (10) . It is observed from Fig. (10) that the pressure difference between two sides of pipeline for the case of distorted seabed is lower than that for plane seabed. Fig. (11) gives the distribution of shear stress along two types of seabed for e 0 /D=0.1 and 0.5. It can be seen from the figure that the shear stress along the gap between pipeline and seabed for the distorted seabed is smaller than that for the plane seabed. This concludes that under the condition of same gap ratio the distorted sandy seabed is more stable than the plane sandy seabed. The gaps between pipeline and seabed are 0.1D, 0.5D and 0.48D. It is noted that the distorted boundaries for the first two cases are arc-shaped and designed manually. The distorted boundary for the third case is an experimental profile which corresponds to the equilibrium scour profile of the sandy bed under action of certain unidirectional flow. In the experiments, at the initial time the pipeline just contacts to the surface of sandy bed, i.e. the gap is zero, then the scour occurs until the equilibrium stage. In the equilibrium stage, the profile of surface of sandy bed changes little and for the clear-water scouring case the shear stress along the surface induced by fluid drops below the value of critical shear stress at which the sand grain will begin to move. The details about the experimental profile can be referenced to the work by Yang et al. [23] . Fig. (12) . The schematic of various distorted surface of seabed. Fig. (13) presents the distribution of shear stress along the three types of distorted surface of seabed. It can be seen from the figure that the shear stress along the surface of sandy bed obtained from experiments is smaller than that from the arc-shaped surface. It means that the arc-shaped surface of sandy bed corresponding to the first two cases in Fig. (12) will be eroded more easily than the surface corresponding to the third case in Fig. (12) under the action of same steady flow. Fig. (13a) . The comparison of mean shear stress distribution along the distorted surface-e 0 /D=0.1 versus experimental profile. Fig. (13b) . The comparison of mean shear stress distribution along the distorted surface-e 0 /D=0.5 versus experimental profile.
CONCLUDING REMARKS
In this study, we investigated the hydrodynamic forces acting on the two types of sandy seabed (i.e. plane seabed and distorted seabed) with a pipeline. The characteristics of flow field on the seabed around the pipeline and seepage flow within the sandy seabed under the pipeline are analyzed. The pressure and shear stress distributions along the seabed for the case of several gaps between seabed and pipeline are discussed in detail.
With the increase of gap between pipeline and seabed the pressure at the upstream side of the pipeline gradually decreases and the pressure difference between two sides of the pipeline presents a declining trend. For the pressure distribution between the distorted seabed and the plane seabed, there are two pressure peaks for distorted seabed, but only one exists for plane seabed.
For the case of positive value of gap ratio (e.g. e 0 /D = 0.1, 0.3…), there is one peak of shear stress beneath the bottom of the pipeline along the surface of plane seabed, while there are two peaks of shear stress for the case of distorted seabed, which occur at the upstream and downstream sides of the pipeline.
With the increase of gap between pipeline and seabed, the value of peak shear stress along the distorted seabed at the upstream side gradually decreases and the one at the downstream side varies slightly. When the gap ratio reaches up to 0.7 the peak shear stress at the upstream side of the pipeline already decreases to a normal level, while the peak shear stress at downstream side is still a large one for the distorted seabed. Under the condition of same gap ratio the distorted sandy seabed is more stable than the plane sandy seabed.
